Addition of millimolar concentrations of glyoxylate to nitrogen-fixing cultures of Anabaena cylindnica, grown aerobically in the light, caused the following effects: an increase in the number of glycogen granules and in the excretion of carbohydrates; a decreased phycocyanin concentration, but an increase in the chlorophyll a to phycocyanin ratio. Also, an enhancement in the carbon to nitrogen ratio was noted, but this was restored if N-4+ was added simultaneously. The most pronounced effect of glyoxylate addition was a 20-fold increase in the glycine pool. The effect of glyoxylate on N2 fixation (acetylene reduction) was enhanced at high light intensities, but it did not affect the in vitro ribulose-1,5-bisphosphate carboxylase activity. However, addition of milimolar concentrations of glycolate did not cause changes in nitrogenase activity, CO2 fixation, and NH3 release comparable to those caused by glyoxylate. The primary mechanism of action of glyoxylate appears to be within the glycolate pathway of the vegetative cells and metabolically downstream from glycolate.
A stimulation of CO2 fixation by glyoxylate has been noted in the cyanobacterium Anabaena cylindrica (3, 4) , and in several eucaryotic systems, e.g. tobacco (21, 23) , soybean cells (16, 22) , and spinach cells (17) . An inhibition by glyoxylate ofthe synthesis or metabolism of glycolate is suggested, which prevents a drain of RuBP2 from the Calvin cycle. Indeed, inhibition of glycolate dehydrogenase by glyoxylate in a green alga (29) and of the glycine to serine conversion in tobacco mitochondria (24) and in pea leaves (27) have been documented. In leaf discs of cucumber, however, glyoxylate was considered to stimulate CO2 fixation mainly through decreased stomatal resistance (19) .
Inhibition of CO2 fixation by glyoxylate is also well documented. It appears that in most cases isolated chloroplasts have been used as the experimental system (14, 18, 20, 23) . Mechanisms proposed include shortage of NADPH due tq the activity of NADP-glyoxylate reductase (23) and in vitro ihhibition of RuBP carboxylase/oxygenase (12, 20) . Mulligan et al. (20) point to stromal acidification as the most probable mechanism in their studies of spinach chloroplasts. Glyoxylate did, however, not stimulate CO2 fixation by isolated leaf cells of spinach (16) and Chenopodium (1), nor that of leaf discs of tobacco (9) .
The influence of glyoxylate on other cellular processes have to some extent been examined. Glyoxylate is known to stimulate the nitrogenase activity (3, 4, 28) Sodium glyoxylate was treated and used as given in (3). Transmission electron microscopy of the cyanobacterium was as described in Sharma et al. (26) . Extracellular polysaccharides were stained using 0.2% ruthenium red in 0s04. Polyglucoside granules were stained according to the method of Thiery (30) . Incubation in the silver proteinate solution was for 2 h at room temperature.
The MSX induced release of NH3 to the medium was measured as described in Bergman (5) and using the method ofChaney and Marbach (8) measuring A at 635 nm.
The carbon and nitrogen content were analyzed on a Hewlet Packard CNH analyzer, using cells washed and dried overnight at 105°C.
Phycobiliproteins (phycocyanin) were extracted and analyzed in phosphate buffer-saline according to Bennet and Bogorad (2) . The cells were disrupted by sonication in an MSE ultrasonic disintegrator, using four pulses (1.5 amp) of 30 s, each, with cooling in between. The lysate was then centrifuged at 70,000g for 1 h. The phycocyanin concentration of the supernatant was quantified according to Bennet and Bogorad (2) .
Chl a was extracted in 80% acetone overnight at room temperature and quantified using the method of Harborne (15) .
Amino acid pools. Cells were harvested, washed, disrupted twice in a French Pressure Cell (110 MPa) and lyophilized. Amino acid pools and ammonia were analyzed using an automatic amino acid analyzer as described earlier (7) . Norleucine was added as internal standard.
Excretion of carbohydrates to the medium was assayed after centrifugation of the Anabaena cells using the method of Dubois et al. (13; i.e. by determining absorption at 485 nm). An appropriate concentration of glyoxylate was added to the blank since this reagent caused a slight background coloration.
The acetylene reduction assay was conducted for 30 min at 25'C in 70-ml conical flasks fitted with rubber stoppers and analyzed as described earlier (4) .
CO2 exchange was determined in 70-ml conical flasks using a gas chromatograph as detailed earlier (4) .
Ribulose-1,5-bisphosphate carboxylase activity was determined as previously described (6) . RESULTS Treatment of A. cylindrica with glyoxylate neither altered the morphology of the cells nor the distribution or frequency of heterocysts. However, glyoxylate influenced cellular metabolism in several ways. The cultures became progressively more viscous upon treatment. Examination of the extracellular slime sheath (TEM/ruthenium red-stain) showed that glyoxylate was without effect. Glyoxylate, however, stimulated the excretion of carbohydrates (Table I ) and enhanced the number of glycogen granules, the principal carbon reserve material in cyanobacteria. Glyoxylate also caused a yellowing of the cultures and pigment analysis showed that the concentration ofphycocyanin decreased considerably (Table II) . This pigment is an easily mobilized nitrogen reserve in cyanobacteria. As noted earlier (3, 4) , the Chl a content slightly increased initially, but decreased in long-term experiments (more than a 24-h treatment). The ratio of Chl a to phycocyanin was always higher if glyoxylate was present (Table  II) . These findings correlate with the increased C to N ratio found in the presence of glyoxylate (Table III) . The observed increase (Table III) . Furthermore, as seen in Figure 1 , glyoxylate partially alleviated the inhibitory effect ofNH4' on CO2 fixation. Glyoxylate had no effect on the in vitro ribulose-1 ,5-bisphosphate carboxylase activity (0.77 ,umol C02-fixed/mg protein-min) of Anabaena when added at 5 and 10 mM. Examination of the amino acid pool sizes showed that in the presence of glyoxylate, a dramatic change occurred in the glycine pool, which increased by about 20-fold (Table IV) . The serine pool showed no comparable change and low increases were noted in the pools ofthreonine and isoleucine. Amino acids which may be involved in the omithine cycle all showed reduced pool sizes (Table IV) The influence of glyoxylate on nitrogenase activity (acetylene reduction) at various light intensities was also examined. The stimulation by glyoxylate was enhanced at higher light intensities up to 120,umol photon-m-2 s' (Fig. 2) , while nontreated cells saturated at about 60 ,umol photon.m2*s'.
Since glyoxylate may be reduced to glycolate via glyoxylate reductase, the effects noted above may be indirect through an enhanced glycolate pool. Increased glycolate excretion was earlier found in Anabaena when glyoxylate was present (6) . Na glycolate given at 2, 5, 10, and 20 mm caused some stimulation in both N2 and CO2 fixation, but glyoxylate given at equimolar concentrations caused several-fold larger effects (3, 4) . Moreover, glycolate was without effect on the MSX-induced release of NH4+, while glyoxylate slightly stimulated NH4' release (5 (5, 7, 16) . The fourth route is part of the glyoxylate by-pass and occurs mainly in the dark (10) . A fifth alternative is excretion, a phenomenon recently demonstrated in a green alga (29) . In Anabaena the excretion of glyoxylate was negligible, however, and glyoxylate had no effect on the RuBP carboxylase activity. The data presented herein stress the validity of earlier observations which show that glyoxylate primarily acts within the photorespiratory process in cyanobacteria (3, 4, 6) , a process residing exclusively in the vegetative cells of Anabaena (11) , and that glyoxylate may be metabolized via glycine to serine as in higher plants (5, 7) . In particular, the 20-fold increase in the glycine pool supports such a statement. This is further supported by the stimulation of CO2 fixation (3, 4) , the increased C:N ratio, the enhanced carbohydrate excretion, the increased pools of carbon, and also by the mobilization of nitrogen reserves and the reduced pool of NH3 in spite of an increased N2-fixation capacity. Also, the effects of glyoxylate were more pronounced with increases in light intensity and 02 (4), conditions known to stimulate photorespiration.
As the pool size of serine showed no comparable increase to that of glycine and as glyoxylate caused only a slight increase in the MSX-induced NH4' release (data not shown), it seems likely that glyoxylate may inhibit the glycine to serine conversion. Inhibition of glycine decarboxylase and serine hydroxymethyl transferase by higher concentrations of glyoxylate is known (24, 27) .
A reduction of glyoxylate to glycolate is also feasible as an active glyoxylate reductase was found, as was a considerable increase in the excretion of glycolate (7) . Then again, addition of glycolate at equimolar concentrations as glyoxylate only slightly increased CO2 fixation and nitrogenase activity which suggests that the conversion of glyoxylate to glycolate is not a major metabolic event. Rather, an inhibition of glycolate dehydrogenase by glyoxylate may cause the increased excretion of glycolate. Such a mechanism has been reported to occur in Sphaerocytis (29) .
The stimulatory effect of glyoxylate on nitrogenase activity in Anabaena observed earlier under aerobic conditions (3, 4) may, thus, be rather indirect through an increased activity of the Calvin cycle which serves as the ultimate source of reducing power and carbon slkeletons to the N2 fixation process in the heterocysts.
Smith et al. (28) claimed that glyoxylate provides reducing equivalents to nitrogenase in the heterocysts of Anabaena. However, it was recently demonstrated that glyoxylate, at mm concentrations, was unable to sustain the nitrogenase activity of heterocyst isolated from Anabaena 7120 (25) . Additional mechanisms of action may exist to explain the stimulatory effects of glyoxylate observed under anaerobic conditions (22, 28) . It has, for instance, been proposed that glyoxylate may stimulate gross photosynthesis directly (22) .
Upon glyoxylate treatment, both CO2 fixation and nitrogenase activity are stimulated but yet the organism behaves as if starved of nitrogen (mobilizing pigments, increased C:N ratio) and as if carbon was still in excess (enhanced excretion of carbohydrates, storage of glycogen). Perhaps a function of photorespiration is, in fact, to get rid of excess carbon, i.e. to maintain the proper carbon to nitrogen balance. It is also possible that glyoxylate indirectly contributes to the increased C:N ratio by inhibiting the glutamine synthetase activity as glycine is a known potent feedback inhibitor of this enzyme.
